The vibrational modes and compositional behavior of plant material of Guadua angustifolia Kunth Variety Bicolor (GAKVB) and the characteristics associated with color changes were evaluated by Raman, infrared, and energy-dispersive X-ray spectroscopy. In the vibrational spectra, the frequencies of 1598, 2099, and 845 cm −1 were associated with yellow and blue pigments. These pigments can be found in natural organic dyes of vegetable origin, such as indigo blue (anil or pastel), extracted from Central American shrubs (Indigofera and indaco) (Domenech, 2010) , in some pigments synthesized in solid-state reactions from aluminum oxides, such as CaAl 12 O 19 , that have a turquoise color (Costa et al., 2009) , and in Indian yellow (MgC 19 H 16 O 11 ⋅5H 2 O). Using an immersion test, it was shown that the color was stable and that no loss of color occurred when photosynthesis was halted in the sample. The green and yellow stripes are assigned to Fe, N, Mg, and Si compounds. The yellow is due to decrease of Fe, Mg, and elemental Si. Results are obtained using energy-dispersive X-ray spectroscopy and Raman measurements.
Introduction
Guadua angustifolia Kunth Variety Bicolor (Figure 1(a) ) was classified by Humboldt, Bonpland, and Kunth Kart in 1806 and is a member of the Bambusa family. GAKVB is considered to be one of the most representative native plants of tropical forests, and there are approximately 90 genera in the world that are classified into 1250 species and distributed in the equatorial zone (51 degrees north latitude and 47 degrees south latitude, from sea level to 2200 meters) [1, 2] . The vegetal cells of the GAKVB consist mainly of lignin, cellulose, and hemicellulose, which are the most abundant biopolymers in nature, with a variety of applications [3] . Endemic to Colombia and Venezuela, GAKVB is interesting because it displays conspicuous green and yellow stripes along its exterior wall [4] (Figure 1(d) ). The natural discoloration of the exterior wall of GAKVB may occur for various reasons, including unfavorable environmental conditions, water stress, heat-induced lesions, nutritional deficiency, light intensity, drought, or other causes [5] , and may lead to the death of the plant [6] . Due to their innovative mechanical properties, there have been investigations into mixtures of GAKVB and other plant species with synthetic polymers to produce biodegradable composite materials. The bambusae are orthotropic, and the composition, fiber volumetric density, humidity, and structure are dynamic features that depend on the age of the plant. GAKVB presents a periodic structure along the growth direction that consists of nodes and internodes (Figure 1(a) ), whereby the fibers are aligned in the direction of growth, with a significant amount of vascular bundles saturated with water. The culm wall is composed of parenchymal cells in the spaces between the vascular bundles and the fibers; the fibers, constitute 40-50% of the total culm tissue and 60-70% of their weight [7] . The culm is composed of 52% parenchyma tissue, 40% fibers and 8% conductive tissues, though these values vary according to the bamboo species. Artificial processes, such as steam or acid treatment [8] , may also accelerate discoloration by redistributing the insoluble components in the plant, leading to the polymerization and condensation of tannins [9] . Similarly, phenolic compounds that are generated by the thermal degradation of hemicellulose and lignin [10] [11] [12] , which increase water mobility on the wood surface during slow drying, may produce a brown shade on the plant's exterior wall (Figure 1(b) ). During the process of photosynthesis, plants absorb and transform sunlight into nutrients using CO 2 , minerals, and water. This reaction occurs in the presence of chlorophyll, the principal pigment of plants [13, 14] , and may be summarized with the following equation (1):
Once the chlorophyll absorbs sunlight, electrons are produced by the decomposition of H 2 O molecules into hydrogen and oxygen, thus initiating photosynthesis. Chlorophyll is oxidized as a consequence of the production of electrons, and two electrons are released at a higher energy state. In the case of exterior wall discoloration, as described above, the photosynthetic process is suspended, when the material is stored in water. In this study, the vibrational characteristics associated with the exterior wall of GAKVB are evaluated both before and during discoloration. The changes that occur in the elements that are present in the different colored stripes are also evaluated. This information will contribute to improving the understanding of the mechanisms and characteristics associated with the color of GAKVB and its possible preservation, thereby increasing the economic value of manufactured products and promoting their artisanal, decorative, and other applications [15] .
Material and Methods

Material.
The GAKVB samples used for the measurements were obtained from a section of La Esmeralda in the Chinchina municipality of Caldas, Colombia, South America. Samples of the exterior layer of GAKVB were collected from the lower portion of the culm (1.5 m above the base; see Figure 1 (b)) of plants estimated to be approximately five years old. The samples used for the analysis were obtained by cutting stem sections with dimensions of 15 mm thick and 4 cm 2 surface area (see Figure 1(c) ). The water soaked samples and the unsoaked samples were maintained at room temperature in a clean room with a controlled environment during seven days.
Experimental Setup.
Raman spectroscopy is a technique used for studying vibrations, rotations, and other lowfrequency modes of a sample. This technique is based on the inelastic dispersion produced by a beam of monochromatic light (Laser) in a sample of organic or inorganic material [16] . Raman spectroscopy is among the most commonly used techniques for studying natural and artificial pigments [17] . Among the techniques most frequently used to complement vibrational analysis is the infrared (IR) absorption spectroscopy, which is associated with molecular, vibrational, and rotational excitations that do not produce electronic transitions. The transitions between the vibrational levels of a molecule in the electronic ground state are reflected by IR spectra.
The Raman spectra were acquired using a high-resolution confocal microscope (LabRAM HR Raman microscope, Horiba Jobin Yvon) with a monochromatic radiation source of 473 nm and a 22 mW laser power. The microscope operating characteristics were as follows: D06 filter, holder 300, slit 200, objective X50, and an acquisition time of 5 min. The temperature variations were produced with a microwave oven controlled to within ±1.0 ∘ C ( Figure 2 ). A Perkin-Elmer model BX-II spectrometer produced the IR spectra using a mixture of material from the external layer of the plant and potassium bromide pellets. The morphology and elemental composition of the exterior wall were obtained with an environmental scanning electron microscope (ESEM) Philips XL30 TMP equipped with a standard probe (EDX).
Results and Analysis
Raman Spectroscopy.
The Raman spectra were obtained in two ranges, 400−1650 cm −1 and 400-3500 cm −1 , at room temperature using a laser power of 5 mW and a samples size of 1 cm × 1 cm. The samples had been obtained from the inside and outside surfaces of the GAKVB culm. An analysis of the vibrational normal modes obtained by Raman spectroscopy of the outer surface of GAKVB in the green and yellow zones [18, 19] is shown in Figure 3 . The vibrational spectra associated with the stretching of the silicon hydrogen bond in amorphous hydrogenated silicon (a-Si:H) appeared in highfrequency bands of approximately 2100 cm −1 . The H band is generally observed in samples with a high concentration of hydrogen, and this band is usually accompanied by bands at 850 and 900 cm −1 in the region corresponding to the vibrational modes of SiH 2 , (SiH 2 ) n , and SiH 3 [20] . These peaks are observed with significant intensity in the Raman spectrum which has been measured in the yellow zones of the sample (see Figure 3) .
Vibrational modes in low-frequency bands were detected at 814 and 394 cm −1 and were associated with Al(OH). Other low-frequency vibrational modes detected at 869 and 239 cm −1 were associated with Al(OH) 3 [21] . Additional vibrational bands are listed in Table 1 , with the peaks identified by the compound, wavenumber, and reference. Plants are composed primarily of lignin, cellulose, and hemicellulose, which are the most abundant biopolymers in nature. Figure 4 shows a comparison of commercial cellulose in the internal and external walls of GAKVB. Note the signal intensity of the vibrational modes of the external zone of the sample associated with a high mineral content and the vibrational behavior of hemicellulose and lignin. In contrast, the Raman signal intensity due to minerals is smaller in the internal wall of the culm than in the hemicellulose and lignin. The phenolic compounds that are generated by Intensity (a.u) 1000 1100 1200 1300 1400 1500 1600 1700
Relative areas (a.u.) the thermal degradation (due to sunlight) of hemicellulose and lignin (see Figure 4) , which increase water mobility on the wood surface during slow drying, may produce a brown shade on the plant's exterior wall (see Figure 1(b) ). The green and yellow stripes are mainly due to the relative concentration of such compounds as Fe, Mg, Ni, and Si. These compounds are shown in [22] . The relative intensity of the peaks around 1073, 2334, and 2739 cm −1 (see Figure 3) are indicative of the degree of color conversion. These peaks have been associated with brown, yellow ocher, and Prussian blue, respectively. GREEN and YELLOW are the normalized intensities for regions with green and yellow stripes, respectively. These were obtained from the sum of the areas under the curve of each of the peaks in the Raman spectra, which are related by the equations are the percentage intensity of the green and yellow stripes, respectively (see Figure 3) . The normalized intensity ( ) is related to the color conversion rate. The peak around 2334 cm −1 was used as reference in all calculations obtained for the normalized intensities. The results show the relative changes in elemental concentration of 20, 30, and 25% for Fe, Si, and Mg, respectively, that are associated with changes on surface color. These values are consistent with those obtained by EDX.
In Figure 4 , the spectra of the commercial cellulose and the different sections in the radial direction (outside, middle, and inside) of GAKVB are shown. The peaks are associated with cellulose phases (carbon-carbon bonds), hemicellulose, hydroxides carbon, lignin, and silicates [23] . Figure 5(b) shows the relationship between the relative areas of the peaks referred to above. For these peaks, the results obtained using (2) indicate an approximately 21% decrease in the concentration of Mg and that has been associated with the indium yellow pigment. Figure 6 shows the vibrational bands obtained by IR spectroscopy for the green stripe in the exterior wall of GAKVB. A strong and wide absorption associated with the presence of OH groups or water in the fibers was present at 3415 cm −1 . The water molecules present at the hydrophilic-hydrophobic interface of polymer chains interact weakly with the chains. However, the absorption at 850 cm −1 may be attributed to the presence of Si asymmetry, O-Si, and indicates the presence of silica in the fibers. At a frequency of 854 cm −1 , the presence of aluminum and silicon, which form part of the blue pigments, was identified. The functional groups detected at the 1513 cm −1 vibration were attributed to the benzene rings present in lignin and tannins. The 1710 and 1685 cm −1 vibrations were associated with aldehyde and ester functional groups in the plant material. Additional vibrational bands are provided in Table 2 , with the peaks identified by the compound, wavenumber, and reference.
Infrared.
Morphology and Elemental Composition.
In GAKVB, the culm wall is composed of parenchymal cells in the spaces between the vascular bundles and the fibers and is composed of 51% parenchyma tissue, 40% fibers, and 9% conductive tissues. The density p for each of the different regions of the inner and outer surfaces of the GAKVB samples was obtained by volumetric methods; values between 380 and 1030 kg/m 3 were obtained and are of the same order of magnitude compared with the other plant materials that have been reported. This behavior is due to the radial distribution of the vascular bundles, as well as to the silicon concentration, which has been associated with a nonuniform distribution through the wall of the microfibers and the metaxylem and phloem ducts. Water molecules are trapped in these channels, promoting the mobility of the Mg and Al ions. Micrographs of the GAKVB culm are shown in Figure 7 , they illustrate the fibers distribution around the vascular bundles with sizes around 120 m.
The morphological analysis of the exterior surface of GAKVB was conducted using environmental scanning electron microscopy ( Figure 8 ). The exterior surface contained bumps averaging 4.91 m in diameter (white points) with a high silicon content. These bumps may be associated with the silica on trichomes, which are usually abundant on the leaves and stems. Once the original coloration of GAKVB was altered due to water loss, the green stripes turned to dark brown and the yellow stripes to light brown. The elemental composition of both stripes (green and yellow) was evaluated by EDX and is shown in Table 3 . The light brown (yellow) zone had higher concentrations of C, N, and O, whereas the dark brown (green) zone had higher concentrations of Mg, Al, Si, K, and Fe. In an additional qualitative test of discoloration ( Figure 9 ) conducted over a four-month period, one sample was immersed in water, and another sample was maintained in air at ambient temperature. The air sample became discolored (brown) by the end of the first week, whereas the submerged sample maintained its color throughout the test. In the exterior surface of GAKVB, one may infer the presence of natural aluminosilicates, such as Al 2 SiO 3 (OH) 4 , which confer the property of structural rigidity.
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Conclusions
During the drying process, the loss of water throughout the plant structure produced changes in the shades of color. These changes were detected by EDX as variations in the chemical elements. The results indicate that there is a relationship between the molecular structure and the water content in the samples with the color stability. The Raman vibrational frequencies associated with colors of yellow and green were 1598 and 2334 cm −1 , respectively. Infrared spectroscopy confirmed the presence of oxides of silicon and aluminum at a frequency of 854 cm −1 , associated with blue pigments. The green and yellow stripes are assigned to Fe, N, Mg, and Si compounds. The yellow color is due to decreases in Fe, and Mg and elemental Si, as obtained from the EDX and Raman measurements. Some main differences between the yellow and green stripes are possibly due to the reduction of the concentration of aluminum and iron oxides and to the high concentration of silicon (see Table 3 , row 6). In the outer surface of GAKVB, the highest concentration of silicon is due to silicates compounds, which confer the properties of structural rigidity and impermeability.
